To date, almost all lactate with high optical purity is manufactured by microbial fermentation using lactic acid bacteria (LAB) and some genetically modified strains such as Escherichia coli and Saccharomyces cerevisiae (Baek, Kwon, Kim, & Hahn, 2016; Baek et al., 2017; Li, Sun, Wu, & He, 2017; Othman, Ariff, Rios-Solis, & Halim, 2016) . The fermentative metabolism of LAB is characterized by the glycolytic breakdown of carbohydrates, comprising the conversion of pyruvate into lactate as the last step (Mohamed, Yukihiro, & Kenji, 2013) . In this pathway, lactate dehydrogenases (LDHs) play key roles by catalyzing not only the transformation of pyruvate to lactate, but also the oxidation of nicotinamide adenine dinucleotide (NADH), which constitutes an important step in the metabolism and energy conversion of living cells (Andreevskaya et al., 2015; Wang, Ingram, & Shanmugam, 2011) . Two optically pure isomers of lactate were produced from pyruvate as separate entities through reactions catalyzed by either the chiral-specific d-lactate dehydrogenase (D-LDH, EC 1.1.1.28) or l-lactate dehydrogenase (L-LDH, EC 1.1.1.27) (Singhvi, Jadhav, & Gokhale, 2013; Sun, Zhang, Lyu, Wang, & Yu, 2016; Wang, Cai, Zhu, Guo, & Yu, 2014; . A sequence comparison has shown that D-LDH and L-LDH belong to two distinct families, the NAD-dependent L-and D-2-hydroxyacid dehydrogenases, respectively (Cristescu & Egbosima, 2009; Ma et al., 2007) . Almost all LAB contains both L-LDH-and D-LDH-encoding genes (ldhL, ldhD), however, the optical purity for lactate produced by various LAB strains differs significantly, and in some cases even completely opposite . In addition, fermentation conditions might influence the optical purity of lactate. For instance, Fukushima and coworkers reported that the optical purity of d-lactate from Lactobacillus delbrueckii LD2008 was affected by the carbon sources used (Fukushima, Sogo, Miura, & Kimura, 2004) . However, studies on the associations of L-and D-LDH with the optical purity of lactate are scarce. In a study by Zheng et al., three Lactobacillus strains, L. delbrueckii ATCC 11842 (D-LAB strain), L. plantarum ATCC 14917 (DL-LAB strain), and L. casei (L-LAB strain) , were selected to demonstrate that lactate was produced with different optical purities. They found that L-and D-LDHs coexisted in three Lactobacillus genomes, with the relative catalytic efficiencies of enzymes playing a crucial role for the optical purity of lactate in Lactobacillus strains . Subsequently, a study with Bacillus coagulans 2-6, which contained both D-LDH and L-LDH, showed that elevated catalytic efficiency of L-LDH toward pyruvate and high transcription ratio of ldhL to ldhD constituted the main factors for the high optical purity of l-lactate produced by this strain Wang et al., 2014) . These findings indicate that different L-and D-LDH activity levels and ldhL and ldhD mRNA amounts in LAB contribute to differences in the ratio of the two isomers.
Compared to l-lactate production, biotechnological tools for the commercial manufacturing of d-lactate have yet to be developed. Several microbial strains have been described as homofermentative d-lactate producers, including Sporolactobacillus inulinus, Sporolactobacillus laevolacticus, Lactobacillus delbrueckii, Lactobacillus lactis, metabolically engineered Saccharomyces cerevisiae, and Escherichia coli (Baek et al., 2017; Li et al., 2013; Othman et al., 2016; Singhvi et al., 2013; Wang et al., , 2015 .
Among them, S. inulinus has been considered as a superior candidate for the industrial production of optically pure d-lactate, and considerable efforts has been deployed to enhance the efficiency and cost-effectiveness of S. inulinus d-lactate production (Li et al., 2017; . On the other hand, the complete genome sequence of S. inulinus CASD was reported in 2010 (Yu et al., 2011) . Meanwhile, a D-LDH from this strain that could preferentially use both NADH and NADPH (nicotinamide adenine dinucleotide phosphate) as coenzymes was cloned and named DLDH744 . More recent studies by confirmed that the above enzyme had both D-LDH and glutamate dehydrogenase activities.
However, the connections of S. inulinus LDHs to the optical purity of d-lactate has remained undefined.
In our previous study, we generated a mutant of S. inulinus, strain YBS1-5 with high titer and optical purity of d-lactate, by combining two physical mutation methods, low-energy ion implantation treatment as well as atmospheric and room temperature treatment (Bai, Gao, Sun, Wu, & He, 2016) . During the fermentation optimization of strain YBS1-5, we found that the final optical purity of d-lactate is affected by the neutralizer used (Zheng, Liu, Sun, Wu, & He, 2017 ).
Indeed, NaOH was shown to increase d-lactate productivity, while reducing the optical purity of this product (Zheng, Bai, Xu, & He, 2012; Zheng, Xu, Bai, & He, 2014; Zheng et al., 2017) . In this study, based on the whole-genome sequence of S. inulinus CASD, three potential D-LDH-and two L-LDH-encoding genes (ldhDs, ldhLs), as well as a l-lactate permease-encoding gene (lldP) that involved in l-lactate utilization were annotated from the whole-genome sequence of S. inulinus YBS1-5. To systematically assess the associations of these five enzymes with the optical purity of d-lactate, their functional expression in E. coli was carried out to biochemically characterize them. Next, phylogenetic trees were constructed to investigate their evolution at amino acid level. Finally, the relative transcription levels of S. inulinus YBS1-5 ldhDs, ldhLs, and lldP under different neutralizers were quantified, and the effects of ldhs and lldP transcriptional levels on optical purity of d-lactate produced by S. inulinus YBS1-5 were analyzed.
| MATERIAL S AND ME THODS

| Strains, plasmids, media, and chemicals
Sporolactobacillus inulinus YBS1-5 (deposited in the China Center (90 g/L) or NaOH, KOH, and NH 4 OH solutions at 10 mmol/L was used for pH control during the fermentation process, respectively. E. coli DH5α was used for cloning, and E. coli BL21 (DE3) for protein expression. E. coli strains were grown in Luria-Bertani (LB) medium on a rotary shaker at 37°C. Plasmid pMD18-T was used for cloning the genes encoding LDHs, whereas plasmid pET-28a was used to express the recombinant LDHs with a N-terminal His-tag Zhou, Zhang, Meng, Zhang, & Li, 2014) . All the reagents were of analytical grade and commercially available. (Table S1 ). The amplified DNA products were ligated into the pMD18T vector for sequencing. After verification of the amplification fidelity, the digested DNA fragments were subcloned into the pET28a plasmid. The resulting recombinant plasmids were named pET-ldhD1, pET-ldhD2, pET-ldhD3, pET-ldhL1, and pETldhL2, respectively, and transformed into E. coli BL21 for protein expression.
| Gene
Escherichia coli BL21 cells harboring the recombinant plasmid were incubated in LB medium at 37°C. At an optical density at 600 nm (OD600) of 0.6-0.8, isopropyl-β-D-thiogalactopyranoside (IPTG) at 0.1 mmol/L was added to induce gene expression, and growth was continued at 20°C for another 12 hr. The cells were harvested by centrifugation, resuspended in 50 mmol/L Tris-HCl buffer (pH 7.5), and disrupted by sonication (300 W, pulse on 3 s, pulse off 5 s) on ice for 5 min using SCIENTZ YJ96-IIN sonicator (Ningbo Xinzhi Biotechnology Co., Ltd, China). Crude lysates were obtained for protein purification by removing cell debris with centrifugation at 4°C. LDHs were purified by nickel affinity chromatography according to the manufacturer's instructions (GE Healthcare). N-terminal His-tagged LDHs were cleaved by recombinant enterokinase and purified as the method described by Zheng et al. (2017) . Apparent molecular mass and purity of the five LDHs were monitored by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Protein concentrations were determined by the Bradford method using bovine serum albumin (BSA) as standard (Bradford, 1976) .
| Enzymatic activity assays of S. inulinus YBS1-5 LDHs
The activities of purified LDHs were assayed by monitoring the decrease in absorption at 340 nm (from NADH) with pyruvate as substrate, as described elsewhere . The reaction was initiated by enzyme addition. One unit of activity is defined as the amount of enzyme converting 1 μmol NADH per minute under standard conditions.
| Biochemical characterization of S. inulinus YBS1-5 LDHs
The optimal pH of purified LDHs was determined using a range of different buffer systems, including MES/NaOH (pH 5.0-7.0), TrisHCl (pH 7.0-9.0), and glycine/NaOH (pH 9.0-10.5), at a concentration of 50 mmol/L each. The temperature optimum of LDHs was assessed over the range from 20°C to 50°C.
A kinetic study of D-LDH1 was performed at pH 6.0 and 35°C. To investigate the substrate specificity of three D-LDHs and two L-LDHs, glyoxylate, pyruvate, 2-ketobutyrate, 2-ketovalerate, 2-ketoisocaproate, and phenylpyruvate were tested as substrates.
The enzyme activities toward these substrates were measured using reaction conditions as described above.
| Phylogenetic analysis of LDHs
For phylogenetic analysis, we first performed online BLASTN and (Table S2 ). In the same manner, a series of amino acid sequences associated with L-LDH1 and L-LDH2 were obtained from different species (Table S3) . Multiple sequence alignment was performed by ClustalX V1.8. Phylogenetic analysis was conducted using MEGA6 software with full-length amino acid sequences. The neighbor-joining method (NJ) was used for phylogenetic tree generation (Cristescu & Egbosima, 2009; .
| d-lactate production under different neutralizing agents in a 7.0-L bioreactor
The effects of neutralizing agents on d-lactate production by S. inulinus YBS1-5 were assessed using NaOH, KOH, and NH 4 OH as neutralizers, respectively. Batch fermentation was carried out at 37°C and 120 rpm in a 7.0-L bioreactor (Winpact, Major Science, USA) containing 3 L fermentation medium. During the fermentation process, the broth pH was automatically maintained at 6.5 by the addition of 10 mol/L of NaOH, KOH, or NH 4 OH. CaCO 3 was used as a control neutralizer. All fermentation samples were taken out for analyzing dlactate concentration and optical purity by high-performance liquid chromatography (HPLC) using a UV detector (254 nm) with a chiral column (150 mm × 4.6 mm, SUMICHIRALOA-5000) as described previously (Bai et al., 2016; 
| Real-time PCR transcript quantification
Quantitative real-time PCR was employed to determine the transcription levels of genes encoding five LDHs in presence of different neutralizing agents. According to the whole-genome sequence of S. inulinus CASD, two l-lactate permeases (No. KLI02332.1 and WP_047035140.1) were present. However, a sequence alignment revealed that these two enzymes shared 100% sequence identity. It was thus possible that a l-lactate permease-encoding gene was also present in S. inulinus YBS1-5. Therefore, the transcription levels of l-lactate permease-encoding gene in presence of different neutralizers were also measured. Cells were harvested in the logarithmic phase by centrifugation (8,000g for 10 min, 4°C) for RNA isolation with an E.Z.N.A bacterial RNA kit (Omega). Sampling time was 50 and 56 hr with CaCO 3 as neutralizer, and 32 and 40 hr when using NaOH, KOH, or NH 4 OH. Total RNA amounts were determined by absorbance measurements at 260 nm. Gene-specific PCR primers were designed with Beacon Designer software (Table   S4 ). Quantitative real-time PCR reactions were performed on a
SteponePlus™ real-time PCR system (ABI) with SYBR Premix Ex Tag (TaKaRa, China) according to the manufacturer's instructions. The 2 −∆∆Ct relative quantification method was used to assess mRNA levels, with 16S rRNA as the internal reference gene Wang et al., 2014; .
| RE SULTS AND D ISCUSS I ON
| Cloning, expression, and purification of LDHs from S. inulinus YBS1-5
Based on the genome sequence of S. inulinus CASD (GenBank accession no. AVFQ00000000), three possible D-LDH and two L-LDH-encoding genes were cloned from S. inulinus YBS1-5, and named ldhD1, ldhD2, ldhD3, and ldhL1, ldhL2, respectively. The 161 ± 6 32 ± 2 3.5 ± 0.2 1.4 ± 0.1 0.3 ± 0.1
Notes.
A kinetic study of D-LDH1 was performed at pH 6.0 and 35°C. For D-LDH2 and D-LDH3, the assay pH was 7.5 and 5.5, respectively, whereas the assay temperature was 30°C. The kinetic parameters of L-LDH1 and L-LDH2 were determined at pH 7.0 at 45°C and 40°C, respectively.
TA B L E 1 Specific activities and kinetic parameters of purified heterologously expressed Sporolactobacillus inulinus YBS1-5 D-LDHs and L-LDHs for the conversion of pyruvate to lactate
F I G U R E 2 Effect of different metal ions on the activity of D-LDHs and L-LDHs (a) and substrate specificity of D-LDHs (b) and L-LDHs (c). Symbols represent: (a), D-LDH1 ( ), D-LDH2 ( ), D-LDH3 ( ), L-LDH1 ( ), L-LDH2 ( ). The concentration of metal ions was 5 mmol/L.
The relative activity was calculated using the sample without metal ion as 100%. (b and c), glyoxylate ( ), pyruvate ( ), 2-ketobutyrate ( ), 2-ketovalerate ( ), 2-ketoisocaproate ( ) and phenylpyruvate ( ).The relative activity of different LDHs toward tested substrate with the highest activity was defined as 100%, respectively. Errors bars represent the standard deviations of the means from three independent experiments Miyanaga, Togawa, Nakajima, and Taguchi (2014) (Furukawa et al., 2014; Li et al., 2012) ,
and L. jensenii 269-3 exhibited relative broad substrate specificities (Furukawa et al., 2014; Jun et al., 2013) . Among L-LDHs, L-LDH1
showed the highest catalytic activity toward pyruvate among the tested 2-ketocarboxylic acids, whereas L-LDH2 exhibited high activity to pyruvate analogs with larger groups, such as 2-ketovalerate and 2-ketoisocaproate. B. coagulans NL01 L-LDH was also reported to have the highest activity toward pyruvate, but only a slight activity toward 2-ketobutyrate and phenylpyruvate .
| Phylogenetic relationship of D-LDHs and L-LDHs from S. inulinus YBS1-5
Previous studies demonstrated that D-LDHs and L-LDHs displayed significant differences in their amino acid sequences and were evolutionary unrelated (Cristescu & Egbosima, 2009; Jun et al., 2013; Wang et al., 2014; . nase, phenylpyruvate reductase, and 2-ketopantoate reductase (Cristescu & Egbosima, 2009; Furukawa et al., 2014; . Although these enzymes possess highly divergent primary sequences, the core folding is structurally conserved, and the chiral product of the reaction is D-isomer. In this study, a series of additional D-2-hydroxyacid dehydrogenases from different species were incorporated into phylogenetic analysis based on a keyword search and BLAST search (Table S2) L. confuses L-hydroxyisocaproate dehydrogenase, which utilized a remarkably wide range of 2-ketocarboxylic acids, with highest activities toward long chain C5-and C6-acids (Bao, Chatterjee, Lohmer, & Schomburg, 2007) . This analysis was consistent with studies on the substrate specificity of L-LDH2, which exhibited high activity toward 2-ketocarboxylic acids with larger groups. This topology indicated that pyruvate was not the optimum substrate for L-LDH1
and L-LDH2, consistent with the low catalytic activities of two enzymes toward this substrate.
| Changes in optical purity of d-lactate under different neutralizing agents during fermentation
In d-lactate production, the neutralizer plays a key role for cell growth, d-lactate production, and purification (Nakano, Ugwu, & Tokiwa, 2012; Zheng et al., 2017) . Indeed, multiple previous studies indicated that the final optical purity of d-lactate was affected by the neutralizer employed in the reaction. In this context, the effects of neutralizing agents on the yield and optical purity of d-lactate produced by S. inulinus YBS1-5 were examined. CaCO 3 was the most commonly used neutralizer for lactate production, as a slow and mild neutralizer only controlling the pH around 5.0. However, the optimal pH for D-LDH1, D-LDH2, and D-LDH3 were 6.5, 7.5, and 5.5, respectively ( Figure 1a ). In addition, our previous studies indicated that the productivity, yield, and optical purity of d-lactate all increased with increasing pH up to 6.5 when NaOH was used as the neutralizer for S. inulinus YBS1-5 fermentation (Zheng et al., 2017) . The above results suggested the acidic environment might thus be detrimental for several of the key enzymes, cell growth, and d-lactate production. Therefore, the broth pH was maintained at 6.5 using NaOH, KOH, or NH 4 OH. When NaOH was used as a neu- During fermentation with CaCO 3 supplementation, the optical purity of product was 99.5% (Table 2) . Notably, when NaOH was used linus has not been reported. Previous studies showed that ldhDs transcription levels were higher than those of ldhLs among various Lactobacillus strains, even for l-lactate producers . The distinct catalytic activities of L-and D-LDHs contributed to differences in the ratio of the two isomers and different types of Lactobacillus strains. In contrast to the situation in Lactobacillus strains, the ldhL transcription level in B. coagulans 2-6 was much higher than that of ldhD in all growth phases, which might explain high optical purity of the l-lactate produced by this strain Wang et al., 2014) . Therefore, the crucial factors affecting the optical purity of lactate may differ among various LAB. According to previous reports on B. coagulans 2-6, L. delbrueckii DSM 20081, and L. plantarum DSM 20714, the transcription levels of nLDH encoding genes were high in the exponential phase, which correlated with the marked change in the optical purity of lactate in the exponential phase cells (Wang et al., 2014) . Therefore, in this study, S. inulinus YBS1-5 cells at exponential phase were collected for transcription level measurements (Figure 4 ). With CaCO 3 as a neutralizer, the ldhD1 transcription level was highest, and the transcription ratios of ldhL2 to ldhD1 were 27.2% and 26.0% at two different time points in the logarithmic phase (50 and 56 hr, respectively). By comparison, ldhD2, ldhD3m and ldhL1 transcription levels were rather low. When NaOH was used as the neutralizer, the transcription ratio of ldhL1 to ldhD1 slightly increased from 2.3% (CaCO 3 as the neutralizer) to 4.2% after 40 hr of incubation, whereas the transcription ratio of ldhL2 to ldhD1 increased from 26.0% to 36.2%.
Correspondingly, the optical purity of d-lactate slightly decreased from 99.5% to 98.1%. In the presence of KOH, the relative transcription levels of ldhD2, ldhL1, and ldhL2 were increased to 35.8%, 10.3%, and 56.2%, with no obvious change in ldhD3 transcription.
For NH 4 OH, ldhD2, ldhD3, ldhL1, and ldhL2 transcription levels were all elevated in comparison to ldhD1. Thus, for each of four neutralizers used, ldhD1 transcription levels were the highest, consistent with highest catalytic activity of D-LDH1 toward pyruvate.
These findings indicated that D-LDH1 played a central role in production of optically pure d-lactate in S. inulinus YBS1-5. In addition, when KOH and NH 4 OH were used as neutralizers, the significant increase in ldhL1 transcription was correlated with a marked reduction in optical purity of d-lactate to 93.7% and 91.3%, which suggested that only L-LDH1 was the key factor affecting optical purity of d-lactate produced by S. inulinus YBS1-5. In addition, many previous reports have revealed that l-lactate permeases are involved in l-lactate utilization in different strains (Gao et al., 2015; Jiang, Gao, Ma, & Xu, 2014) . Guided by the whole-genome sequence of S. inulinus CASD, we measured the transcription levels of l-lactate permease-encoding gene (lldP) under different neutralizers. The results indicated that the lldP transcription levels were rather low.
With CaCO 3 as the neutralizer, the transcription ratio of ldhD1 to lldP was approximate 800-fold. Furthermore, no transcription was detected in lldP when NaOH, KOH or NH 4 OH was used as the neu- 
| CON CLUS ION
In conclusion, three D-LDH-and two L-LDH-encoding genes in 
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